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ABSTRACT
Earliest quasars at the cosmic dawn are powered by mass accretion onto supermas-
sive black holes of a billion solar masses. Massive black hole seeds forming through
the direct collapse mechanism are considered the most promising candidates but how
do they grow and co-evolve with their host galaxies at early cosmic times remains
unknown. We here present results from a cosmological radiation hydrodynamical sim-
ulation including self-consistent modeling of both Pop III and Pop II star formation,
their radiative and supernova feedback in the host galaxy along with X-ray feedback
from an accreting massive black hole (MBH) of 105 M⊙ in a halo of 2 × 10
9 M⊙ from
z = 26 down to z = 16. Our results show that energy deposition from X-rays in the
proximity of MBH suppresses Pop III star formation for about 12 Myr while at the
same time these X-rays catalyze H2 formation which leads to the formation of a Pop
III star cluster of 500 M⊙ in the close vicinity of the MBH. We find that mode of star
formation for Pop III is episodic and bursty due to the clumpy accretion while for Pop
II it is continuous. The stellar mass of the host galaxy at z ∼ 16 is 2 × 107 M⊙ with a
star formation rate (SFR) of ∼ 0.1−1 M⊙/yr. In total, the MBH accretes 1.5×10
6 M⊙
during 120 Myr with the mean accretion rate of ∼ 0.01 M⊙/yr corresponding to an
average Eddington fraction of 50%.
Key words: methods: numerical – cosmology: theory – early Universe – high redshift–
galaxies formation– black holes
1 INTRODUCTION
Most present-day galaxies harbour supermassive black holes
(SMBHs) of a few times 106 − 109 M⊙ at their centers.
The correlation between their bulge component and the
central SMBH the so-called M − σ relation suggests their
co-evolution (Silk & Rees 1998; Kormendy & Ho 2013). On
the other hand, observations of quasars reveal SMBHs of
∼ 109 M⊙ at z > 6 (Fan et al. 2003; Jiang et al. 2009;
Mortlock et al. 2011; Venemans et al. 2015; Ban˜ados et al.
2018; Matsuoka et al. 2019). Seeds of these SMBHs are
expected to be formed at z = 20 − 30 (Latif & Ferrara
2016) which comprise remnant BHs from Pop III stars
(Haemmerle´ et al. 2020), BHs forming from the core col-
lapse of dense stellar clusters through stellar dynamical pro-
cesses (Yajima & Khochfar 2016) and massive BHs resulting
from monolithic collapse of protogalactic gas clouds known
as the direct collapse black holes (DCBHs) (Agarwal et al.
2014, 2015). For a detailed description and discussion of
these mechanisms, see dedicated reviews in Volonteri (2010);
Latif & Ferrara (2016); Woods et al. (2019); Inayoshi et al.
(2019). Concurrently, the first galaxies form in dark matter
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halos of a few times 107 M⊙ massive enough to host stel-
lar populations a few hundred years after the Big Bang. In
fact, this picutre is confirmed by high redshift galaxy sur-
veys which have detected more than 800 galaxies above z > 6
with candidates up to z = 11 (Oesch 2016; Lam et al. 2019;
Bowler et al. 2020). However, how the earliest MBHs grow
and co-evolve with their host galaxies at cosmic dawn still
remains unknown.
Primordial stars, so-called Pop III stars, form in pris-
tine minihalos of 105 − 106 M⊙ at z = 20 − 30 predom-
inantly cooled by molecular hydrogen formed out of gas
phase reactions and ushered the cosmos out of cosmic dark
ages (e.g. Bromm 2013). While pioneering studies proposed
that Pop III stars are more massive with typical masses of
a few hundred solar (Abel et al. 2000; Bromm et al. 2002;
Yoshida et al. 2003) this paradigm has been challenged dur-
ing the past decade. Recent high resolution simulations in-
cluding feedback from protostars advocate for the multiplic-
ity of Pop III stars and suggest characteristic masses of a few
tens of solar (Clark et al. 2011; Greif et al. 2012; Latif et al.
2013b; Stacy et al. 2016; Susa 2019; Sugimura et al. 2020).
Depending on the mass spectrum, these Pop III stars reg-
ulate star formation in their host galaxies through ra-
diative, chemical and mechanical feedback (Whalen et al.
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2004, 2013; Latif & Khochfar 2019). They exploded into
supernovae (SNe) and enriched the universe with metals
(Heger & Woosley 2002) and lead to the formation of the
second generation of stars known as Pop II stars. The lat-
ter typically form from gas phases with metallicity above
a critical metallicity of Z/Z⊙ = 3 × 10
−4 (Schneider et al.
2003; Omukai et al. 2005; Hartwig & Yoshida 2019). Even-
tually both stellar populations are expected to reside in the
first galaxies (Maio et al. 2011; Johnson et al. 2013).
Pop III stars of masses between 25− 140 M⊙ and above
260 M⊙ are expected to collapse into BHs (Heger & Woosley
2002; Heger et al. 2003). These stellar mass BHs are
born in HII/low density regions and are therefore subject
to ejection by natal kicks which leads to their stunted
growth (Johnson & Bromm 2007; Alvarez et al. 2009;
Milosavljevic´ et al. 2009; Park & Ricotti 2011; Jeon et al.
2012; Whalen & Fryer 2012; Smith et al. 2018). The other
channel for BH formation could be dynamical evolution
of a dense star cluster. In this case runaway stellar col-
lisions may get triggered in the first dense stellar clus-
ters forming at z ∼ 10 − 15 during the core collapse of
such cluster and may result in a very massive star which
subsequently collapses into a black hole of up to a thou-
sand solar masses (Omukai et al. 2008; Devecchi et al. 2012;
Yajima & Khochfar 2016; Latif et al. 2015; Reinoso et al.
2018; Chon & Omukai 2020). Alternatively, a promising
mechanism is the direct collapse scenario which provides a
massive BH (MBH) of ∼ 105 M⊙ about two orders of magni-
tude more massive than other mechanisms. The prerequisite
for this scenario is large inflow rates of 0.1 M⊙/yr which can
be obtained more easily thermodynamically under isother-
mal conditions in metal free halos (Agarwal et al. 2012;
Latif et al. 2013a; Shlosman et al. 2016; Regan & Downes
2018; Becerra et al. 2018; Chon et al. 2018; Agarwal et al.
2019; Latif et al. 2020) or alternatively dynamically via gas
rich galaxy mergers (Mayer et al. 2015).
Large scale cosmological simulations investigating
the growth of MBH generally employ thermal feedback
without proper radiative transfer (Booth & Schaye 2009;
Dubois et al. 2015; Sijacki et al. 2015; Angles-Alcazar et al.
2017; Di Matteo et al. 2017). They have typical resolution
of a few hundred parsec, dark matter (DM) particle reso-
lution of ∼ 108 M⊙ and are therefore unable to study the
growth of MBH with their host galaxies at z ≥ 10. More-
over, they may overestimate the mass accretion onto MBHs
by not resolving the Bondi radius (see e.g. Gaspari et al.
2013; Negri & Volonteri 2017, for a discussion) for discus-
sion. Radiative transfer cosmological simulations exploring
the growth of MBH in halos of 107 M⊙ (Johnson et al. 2011)
and 108 M⊙ (Aykutalp et al. 2013, 2014) find that mass ac-
cretion rate onto MBH varies from 10−7 − 10−3 M⊙/yr cor-
responding to duty cycle of 50 % fraction and X-ray feed-
back stifles its growth. Smidt et al. (2018) performed radia-
tion hydrodynamical simulations and found that cold accre-
tion flows feed MBHs which consequently grow to billion
solar masses by z = 7. The DM resolution in their sim-
ulation is 8.4 × 106 M⊙ and the minimum stellar particle
mass is 107 M⊙ , which did not allow them to resolve atomic
cooling halos and pop III star formation in their simula-
tion. Latif et al. (2018) explored the growth of a MBH in
3 × 1010 M⊙ halo at z = 7.5 including both UV and X-ray
feedback from MBHs as well as chemical, mechanical and
radiative feedback from both Pop III and Pop II stars. They
found that feedback from the MBH in combination with su-
pernova feedback expel the gas from its vicinity, shutoff gas
accretion which results in stunted MBH growth. However,
they turned on star formation and feedback from the MBH
at z = 12 in a halo of 2 × 109 M⊙ missing prior episodes
of star formation and feedback impact on the evolution of
the MBH and host galaxy. They also ignored the cooling
from metals produced from Pop II stars. None of these sim-
ulations have been able to study the growth of MBHs along
with star formation in the first galaxies at z > 15. Depending
on their IMF Pop III stars may explode as pair-instability
SNe which are 10-100 times more energetic than type II SNe
and therefore more effective in removing the gas from halos.
Also Pop III stars produce more high energy radiation than
Pop II stars and create HII regions which leave behind a low
density medium. Similarly PISNe from Pop III stars pro-
duce higher metal yields which may lead to more cooling
and star formation. These processes can strongly influence
the growth of MBH and thus self-consistent modelling the
feedback from Pop III stars is absolutely necessary. Also X-
rays from MBH may regulate star formation by heating the
gas and catalyzing the formation of molecules. Such inter-
play between stellar and MBH feedback sets the stage for its
co-evolution with host galaxies which remains poorly known.
In this work we investigate the growth of a DCBH in
halo of 109 M⊙ and study its co-evolution with its host
galaxy from z = 26 down to z = 16 corresponding to an
time scale of 120 Myr. We perform a cosmological radia-
tion hydrodynamical simulation by self-consistently model-
ing chemical, mechanical and radiative feedback from both
Pop III and Pop II stars along with X-ray feedback from an
accreting DCBH of 105 M⊙ forming in the most progenitor
halo of the host galaxy at z = 26. We simulate the radiative
feedback from each star particle and X-ray feedback from a
MBH as well as every stellar mass BH. At z = 16, we have
about several 103 radiation sources for which we compute
the radiative transfer on the fly. We also self-consistently
model the transition from Pop III to Pop II stars by simulat-
ing both PISNe and core collapse SNe. Modeling of detailed
physical processes and high resolution of a few pc enables us
to robustly study the growth of a MBH along with the co-
evolution of the first galaxy at such earlier times. This simu-
lation also bridges the gap between large scale cosmological
simulations (exploring the growth of MBHs in 1010 M⊙ halos
at z < 10 using thermal feedback) and small scale radiation
cosmological simulation in halos of ≤ 108 M⊙ . We discuss
recipes of star formation, stellar feedback and accretion onto
the MBH in section 2. The growth of the MBH, star forma-
tion and co-evolution in the host galaxy are examined in
section 3. We present our conclusion in section 4.
2 NUMERICAL METHODS
We conduct a cosmological hydrodynamical simulation
coupled with the radiative transfer module MORAY
(Wise & Abel 2011) to model X-ray feedback from the ac-
creting MBH as well as stellar mass black holes and radiative
feedback from each star particle (both Pop III & Pop II) us-
ing the adaptive mesh refinement code Enzo (Bryan et al.
2014). Our simulation uses cosmological initial conditions
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generated from the MUSIC package (Hahn & Abel 2011)
at z = 200 and we use cosmological parameters based on
the PLANCK 2016 data with ΩΛ = 0.6911, ΩM = 0.3089,
H0 = 0.6774 (Planck Collaboration et al. 2016). The simu-
lated volume has a comoving size of 25 Mpc/h with a top grid
resolution of 2563 and three additional nested refinement
levels each with resolution of 2563 grids yielding an effective
resolution of 20483. We further employ 10 additional refine-
ment levels during the course of simulation which yields in
physical resolution of about 4 pc and an effective DM res-
olution of ∼ 105 M⊙ . Our refinement criteria is based on
baryonic over-density, particle mass resolution and the Jeans
refinement of at least four cells, similar to Latif et al. (2018).
Our simulated halo has a mass of 2 × 109 M⊙ at z ∼ 16
and is placed at the centre of the computational box. We
turn on X-ray feedback from the MBH of 105 M⊙ assumed
to have formed by the direct collapse mechanism (Latif et al.
2020) in the most massive progenitor of the halo which
reaches the atomic cooling threshold at z = 26 and we
simultaneously allow star formation along with radiative,
chemical and mechanical feedback. The radiation transport
module MORAY is coupled to a non-equilibrium primor-
dial chemistry solver which solves the rate equations of the
following species H, H+, H−, He, He+, He++, H2, H
+
2
, e−
(Abel et al. 1997). We assume a background UV flux of
strength 500 in units of J21 = 10
−21 erg/cm2/s/Hz/Sr. Our
chemical model includes Compton heating/cooling, H2 cool-
ing, cooling due to the collisional excitation and collisional
ionization, Bremsstrahlung radiation and radiative recom-
bination. We also include metallicity dependent metal line
cooling (C, O, N, Si etc) from Glover & Jappsen (2007)
which operates in 100 − 104 K regime and for temper-
atures ≥ 104 K we employ tabulated cooling functions
from Sutherland & Dopita (1993). We also model photoion-
ization heating and secondary electron ionization heating
(Shull & van Steenberg 1985) from X-rays emitted by MBH.
2.1 Star formation and stellar feedback
Our recipes for star formation (both Pop III & Pop II stars)
and feedback are based on Wise & Abel (2008) &Wise et al.
(2012) and same as in Latif et al. (2018). We present here
a brief summary and for details refer reader to the above
mentioned references. A Pop III star particle is created in a
cell meeting the following three criteria, 1) an over density
of 5×105 (103 cm−3 at z = 10, II) a molecular hydrogen (H2)
fraction of ≥ 5 × 10−4, III) convergent flow (∇ · vgas < 0). We
discern between Pop III and Pop II stars based on metal-
licity, for Z/Z⊙ ≤ 10
−4 Pop III stars are formed otherwise
Pop II stars (Schneider et al. 2003; Omukai et al. 2008). In
our simulation each Pop III star particle represents a single
star and its mass is randomly drawn from the initial mass
function (IMF) with mass range between 1-300 M⊙ which
behaves like the Salpeter IMF above cut off mass of 100 M⊙
and an exponential shape below it. In our simulation a Pop
II star particle represents a small cluster of stars and their
formation criteria is the same as for Pop III except that the
condition of molecular hydrogen fraction is removed.
Star particles are treated as point sources and the feed-
back from them is modeled using the adaptive ray tracing
algorithm based on the HEALPix scheme (Abel & Wandelt
2002; Wise & Abel 2011) coupled with hydrodynamics. We
consider Pop III and Pop II stars as monochromatic sources
with energy of 29.6 eV and 21.6 eV, respectively. The
mass dependent luminosities for Pop III stars are taken
from Schaerer (2002) while Pop II stars produce 6000 pho-
tons per stellar baryon for 20 Myr (equivalently 2.4 ×
1047photons/s/M⊙ ). Pop III stars either die as SNe or col-
lapse into BHs depending on their mass (Heger & Woosley
2002; Heger et al. 2003). We model both type II SNe and
pair instability SNe from Pop III stars as well as X-ray feed-
back from each BH particle using MORAY. Pop II stars
produce 6.8 × 1048erg/s/M⊙ from SNe 4 Myr after their for-
mation which is distributed in a sphere of 10 pc radius.
2.2 MBH accretion and feedback
We insert a MBH of 105 M⊙ assumed to have formed via
the DC scenario at the center of the first atomic cooling
progenitor halo which appears at z = 26. The MBH is
treated as a sink particle and grows via mass accretion.
The mass accretion onto the MBH is estimated using the
Eddington limited Bondi Hoyle formalism (Bondi & Hoyle
1944; Bondi 1952) (see Kim et al. 2011, for a detailed pre-
scription). We model the luminosity of an accreting MBH as
LMBH = ǫr
ÛMBHc
2 where ǫr is the radiative efficiency assumed
to be 0.1 (Shakura & Sunyaev 1973), ÛMBH is the mass ac-
cretion rate onto the MBH and c is the speed of light. We
assume here that all the luminosity from the MBH is emit-
ted at 2 KeV, corresponding to the averaged quasar spectral
energy distribution (Sazonov et al. 2004; Ciotti et al. 2017)
and is also consistent with observations of quasars suggesting
90% of their X-ray flux comes from 0.5-2 keV (Nanni et al.
2017). The Bondi radius for gas with temperature of 8000
K is about 8.6 pc which is resolved most of the times in our
simulation. The radiative feedback from the MBH is mod-
eled with the 3D radiative transfer module MORAY coupled
to the hydrodynamics.
3 RESULTS
3.1 Star formation in the host galaxy
We seed the MBH at z ∼ 26, and simultaneously turn on
star formation including chemical, mechanical and radiative
feedback along with X-ray emission from the MBH. The first
Pop III star forms after 12 Myr. This delay in star formation
(SF) is caused by the X-ray energy deposition from the MBH
which heats the gas and reverses the gas inflow in the host
halo. At the same time X-rays catalyze H2 formation and
boost its abundance by two orders of magnitude in the cen-
tral 30 pc of the halo, see Fig. 1. Ongoing gas infall results in
the formation of dense gas clumps, which are shielded from
X-ray heating and lead to the formation of the first Pop III
star of 85 M⊙ . A starburst occurs within 2 Myr after the
formation of the first star and a small Pop III stellar cluster
of 500 M⊙ forms in the vicinity of MBH. The most massive
Pop III star goes off SN after 3 Myr and enriches the gas in
its vicinity. The metal cooling reduces the local Jeans mass
and the first Pop II stellar cluster of 300 M⊙ forms. Subse-
quently, all stars in the first Pop III stellar cluster die 4 Myr
after their formation, they further enrich the medium with
MNRAS 000, 1–9 (20202)
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Figure 1. Time evolution of radial velocity, H2 fraction, gas density and temperature prior to the pop III star formation in host galaxy
are shown in this figure.
metals leading to the formation of many Pop II stellar clus-
ters and consequently the stellar mass sharply rises above
106 M⊙ . Gas metallicity in the surrounding of the MBH is
Z/Z⊙ ∼ 0.01 well above the critical value for Pop II forma-
tion and Pop III stars stop forming in the vicinity of the
MBH between 153 − 176 Myr after the Big Bang (30 Myr
after MBH seeding) until the fresh supply of metal free gas
is brought in by a merger with a pristine mini-halo. Conse-
quently, another starburst occurs resulting in a Pop III star
cluster of 103 M⊙ consisting of massive stars which die within
a a few Myr. Pop III SF get halted again for about 20 Myr
due to the lack of metal free gas and efficient metal mixing
within the central 500 pc of galaxy. Thereafter merging of
dense metal free/poor clumps at 200 Myr and 230 Myr Big
Bang produce starbursts resulting in Pop III stellar clusters
of about thousand solar masses. Overall, the Pop III mode of
SF is highly episodic and bursty due to the recurring clumpy
accretion of metal poor gas onto the main halo. At the end
of our simulation the Pop III stellar mass is only 129 M⊙ .
On the contrary, metal rich gas from Pop III SNe gets
cooled over timescales of a few Myr as explosions occur in
the dense gas which yield continuous Pop II SF in the main
halo. This results in Pop II stellar mass of 2× 107 M⊙ in 100
Myr as shown in Fig. 2. The average Pop III SFR during
bursts is ∼ 10−4 M⊙/yr and the Pop II SFR is ∼ 0.2 M⊙/yr
and increases up to ∼ 1 M⊙/yr over the last 40 Myr. The
overall increase in SFR for Pop II stars is related to the halo
growth which has increased by two orders of magnitude in
100 Myr. Overall the halo grows via accretion and minor
mergers of pristine gas. Pop III SF is bursty, they produce
metals through SNe which cool down over a time scale of a
few Myr and lead to insitu Pop II star formation due to the
efficient mixing. To quantify the spatial distribution of stars
in the galaxy, we have computed the cumulative stellar mass
probability distribution function for the birth places of Pop
III and Pop II stars shown in Fig. 3. This suggests that most
of the SF occurs in the central 100 pc of the galaxy and Pop
III stars are more centrally concentrated compared to Pop
II stars. The SF in combination with the accreting MBH
continously heat the inter-stellar gas, consequently some of
these photons may leave the galaxy and ionize the gas in the
surrounding medium. Since our simulation employs radiative
transfer on-the-fly from all stars and MBH, contrary to com-
monly used thermal feedback, it provides better estimates
of ionized gas. The galaxy wide HII region is anisotropic,
intermittent and ionizing radiation preferentially leaks into
the low density medium. We also estimate the evolution of
region with at least 10 % of ionized gas in the enclosed radius
and compare it to the viral radial of halo. These estimates
are shown in Fig 3 and suggest that region extends beyond
the virial radius of halo at ∼ 210 Myr.
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Figure 2. Stellar mass and SFR vs. time (top panels), mass accretion rate onto MBH and mass of MBH vs. time (middle panels), the
Eddington ratio and the ratio of Stellar to MBH luminosity vs. time (bottom panels). Time is shown in Myr after the Big Bang.
3.2 MBH growth
We seed a MBH of 105 M⊙ at the center of the first atomic
cooling halo at z ∼ 26. The mass accretion onto the MBH
kicks off at a few times 10−3 M⊙/yr, X-rays from the MBH
heat the gas in its proximity and push it away in a wind with
typical velocities of 40 km/s. However, mass accretion onto
the MBH continues due to gas infall. This drives intermit-
tent accretion for the first 15 Myr in the absence of stellar
feedback with the peak mass accretion rate of 0.03 M⊙/yr
see Fig. 2. This corresponds to the averaged accretion rate of
4 times Eddington accretion during first 15 Myr. Although
accretion rates are numerically restricted to the Eddington
limit in our simulation, this phase of super-Eddington ac-
cretion is due to the immediate merging of star particles
forming in the host cell of the MBH. The density around
the MBH ranges from 1− 104 cm−3, see Fig. 5. The first Pop
III SN occurs at 140 Myr in the vicinity of the MBH, fol-
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lowed by a few more SNe which heat the gas and create an
outflow resulting in about an order of magnitude decrease
in the mass accretion rate. Since the MBH is embedded in
dense accretion flows, the metal rich gas gets cooled in the
aftermath of SNe and starts to feed the MBH again increas-
ing the accretion rate back to 0.01 M⊙/yr. The fluctuations
in the mass accretion rate are correlated with the bursty
mode of Pop III SF. Pop III stars go off SNe, heat the gas,
generate outflows and evacuate the gas from the vicinity of
the MBH. Such clumpy accretion continues throughout the
simulation. The metal rich gas cools on short timescales and
falls back onto MBH. The upward trend in the mass accre-
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Figure 5. The average density along the line of sight is shown for 10 kpc region centered at MBH for different redshifts.
tion rate during the last 20 Myr is a consequence of multiple
dense clumps merging with the main halo which boost ac-
cretion onto the MBH. They trigger starbursts at 229 and
242 Myr, the radiative feedback from young stars generates
outflows a which evacuate the gas from the surrounding of
the MBH and the accretion rates briefly drops by almost
an order of magnitude. Overall, the mass accretion onto the
MBH is highly intermittent and averages to 0.015 M⊙/yr
across the 120 Myr of our simulation.
The average mass accretion rate onto the MBH is four
times the Eddington during the first 15 Myr in the absence
of stellar feedback and averages to 50 % Eddington over the
course of 120 Myr, see Fig. 2. Consequently the mass of the
MBH grows at a faster rate in the absence of stellar feed-
back, slows down during outflows produced from Pop III
SNe and then almost linearly increases with time. The small
jumps in the MBH mass are due to the clumpy accretion and
about 400,000 M⊙ is accreted onto the MBH during the last
20 Myr resulting in an average accretion rate of 0.02 M⊙/yr.
This increase is attributed to merging of dense clumps at
these times and a deeper potential well retaining more gas
because of the increase in halo mass. In total, 1.5 × 106 M⊙
has been accreted onto the MBH during the course of 120
Myr with the mean accretion rate of 0.01 M⊙/yr. To quan-
tify the contribution of stellar vs. MBH radiative feedback,
we estimated the ratio of the stellar luminosity from young
stars to the MBH accretion luminosity which is shown in the
bottom right panel of Fig. 2. Our results show that the X-ray
luminosity from MBH dominates over stellar radiative feed-
back most of the times and the MBH growth is regulated
by SNe feedback in tandem with X-ray heating. However,
during the last 20 Myr the contribution from stellar radia-
tive feedback becomes comparable to the energy released by
X-ray feedback from the MBH and even regulates the mass
accretion onto MBH during starburst phases. The latter is
evident from the fact that peaks in the stellar to MBH lumi-
nosity ratio are directly correlated with drops in the MBH
accretion rates. In summary, there are two main processes
in play which feed the MBH, pristine gas accretion from the
cosmic web and the recycled metal enriched gas from SNe.
The metal rich gas cools over short timescale and mainly
feeds the MBH. This is evident from the fact that gas accre-
tion from the cosmic web is episodic, occurs after every 20
Myr and in the mean time accretion occurs onto the MBH
via metal enriched gas.
3.3 Galaxy and MBH coevolution
Our simulation is one of the first to explore the co-evolution
of a host galaxy and massive black hole forming at z = 26
down to z = 16 by self-consistently modeling the star for-
mation, stellar feedback along with X-ray feedback from the
MBH. Our simulated galaxy has stellar mass of 2 × 107 M⊙
at z ∼ 16 and MBH of 1.6 × 106 M⊙ . To understand this co-
evolution, we have computed the MBH to total stellar mass
ratio shown in Fig. 3. We find that MBH mass dominates
the stellar mass for first 30 Myr after its birth, the MBH to
total stellar mass ratio sharply declines down to 0.3 as Pop
III star go off SNe, enrich the medium with metals and boost
Pop II star formation. This ratio gradually keeps dropping
as both the host galaxy and the central MBH grow hand in
hand. The MBH to total stellar mass ratio is 5 × 10−2 M⊙
at the end of our simulation compared to local BH-stellar
mass relation: MBH/Mstellar ∼ 2.5 × 10
−4 (Reines & Volonteri
2015). This provides a unique correlation between the stellar
and the MBH mass in DCBH hosting galaxies at z = 16.
Pop III stars with masses between 40 − 140 M⊙ and
larger than 260 M⊙ collapse into BH. We have plotted the
mass distribution of BHs resulting from the collapse of Pop
III stars in Fig 4 at three different times. In total, we have
67 BHs in our galaxy at z = 16, the typical mass accre-
tion rates onto the BHs are a few times 10−9 M⊙ and drop
further by an order of magnitude at the end of simulation,
see left panel of Fig 4. The prevalence of such low accretion
rates suggests stunted growth of stellar mass BHs as none
of them is able to grow efficiently for 120 Myr. They are
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formed in HII regions created by massive Pop III stars and
X-ray feedback from them further evacuates gas from their
vicinity which hampers their growth. This is consistent with
previous studies exploring the growth of stellar mass BHs
(Johnson & Bromm 2007; Smith et al. 2018).
4 DISCUSSION AND CONCLUSIONS
We have conducted a cosmological hydrodynamical simula-
tion coupled with the 3D radiative transfer module MORAY
to model X-ray feedback from MBH and UV radiative feed-
back from Pop III and Pop II stars. In our simulation we
self-consistently include the formation of Pop III and Pop
II stars along with their chemical, mechanical and radiative
feedback in the host galaxy. We insert a MBH of 105 M⊙
in an atomic cooling at z = 26 and follow its growth along
with the assembly of the host galaxy down to z = 16 for 120
Myr in a halo of 2 × 109 M⊙ . Our simulation has a physical
resolution of a few parsec and DM resolution of 105 M⊙ . We
find that X-rays from an accreting MBH play a dual role,
they delay Pop III SF for the first 12 Myr and in meantime
catalyze H2 formation which later induces SF. The MBH ac-
cretes at 300 % Eddington in the absence of stellar feedback
and its growth is mainly regulated by SNe in tandem with
X-ray heating. Pop III SNe enrich the galaxy with metals
and consequently the Pop II stellar mass sharply increases
to ∼ 106 M⊙ within a few Myr after their formation. Pop SF
continues in the host galaxy and the stellar mass at z = 16
is 2 × 107 M⊙ . The Pop III star formation is episodic and
bursty while Pop II stars form continuously. Overall, the
MBH accretes 1.5 × 106 M⊙ in 120 Myr with an average
mass accretion rate of 0.01 M⊙/yr. In our simulation stellar
mass BHs do not grow as mass accretion rates on them range
from a few times 10−10 − 10−9 M⊙ . The stunted growth of
Pop III remnant BHs is due to their formation in HII regions
created by massive stars and later X-rays further evacuate
the gas from their vicinity.
Our results show that X-rays from MBH induce SF by
boosting molecular hydrogen and are in agreement with re-
sults from Aykutalp et al. (2019). We have studied here the
early phase of MBH growth from z = 26 to z = 16 which has
remained unexplored in previous work. In comparison with
MBH growth in halos of ∼ 108 M⊙ (Aykutalp et al. 2014),
we find that accretion rates are about two orders of magni-
tude higher due to the deeper halo potential well. Latif et al.
(2018) explored the growth in haloes of 3 × 1010 M⊙ at
z = 7.5. Stunted MBH growth in their work could be due to
the delayed SF that lead to strong starbursts which gener-
ated galaxy wide outflows, evacuated the gas from the MBH
vicinity and also they ignored metal cooling from Pop II SNe.
The mass accretion rate onto MBH in Smidt et al. (2018) at
z = 14 is ∼ 0.2M⊙/yr, an order of magnitude higher than in
our work at z = 16. The differences from the former study
could arise due to the modeling of Pop III SNe in our simula-
tion as they are more energetic and can remove gas more ef-
ficiently from haloes and is ignored in their work. Large scale
cosmological simulation on other hand are unable to capture
this early phase of growth due to their limited resolution
(e.g. Booth & Schaye 2009; Dubois et al. 2015; Sijacki et al.
2015; Di Matteo et al. 2017).
We have ignored here mechanical feedback from MBH
arising from jets. Recently, this was investigated by
Regan et al. (2019), they found that the impact of bipolar
jets is localized to sub-pc scales and does not break out
from hosting atomic cooling haloes. Therefore we expect
that the impact of mechanical feedback would be negligi-
ble on our findings. We have employed here the Bondi-Hoyle
recipe to model the accretion onto MBH which does not take
into account angular momentum (Debuhr et al. 2010). In fu-
ture a detailed comparison between the Bondi-Hoyle and the
alpha-disk models is required to assess their impact on MBH
growth. We have assumed that all radiation from the MBH
is emitted in X-rays here, this gives us an upper limit on the
impact of feedback from MBHs. However future simulations
should employ multi-color template to model SED from an
accreting MBH.
Overall the MBH in our simulation has grown mainly
through gas accretion and we expect this mode of growth
to be common at high redshift. The upcoming X-ray ob-
servatories such as ATHENA and Lynx may help in bet-
ter understanding the growth of MBHs by observing a few
hundred low luminosity AGN upto z = 20 (Pacucci & Loeb
2020). Also, such MBHs can be observed in infrared with
the James Webb Space Telescope at z < 20 and even also
be detected in radio with next-generation Very Large Array
and the Square Kilometer Array (Whalen et al. 2020a,b).
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